List of Tables
, a commercial CFD code. All analyses were based on three-dimensional results. Recommended operational guidance was developed assuming that local fluid velocity and characteristic measures of local turbulence could be used as indicators of sludge suspension and spatial mixing.
The calculation results show that three pumps, the maximum number of pumps studied, will give acceptable homogeneous mixing in about 6 minutes in terms of flow patterns and turbulent energy dissipation. These qualitative results are consistent with literature results. Sensitivity calculations have also been performed to assess the impact of different operating modes on sludge suspension and mixing. Two-pump operation provides a marginal level of sludge suspension and turbulent mixing, while one pump does not provide acceptable flow patterns and turbulent eddies for good mixing.
Introduction and Objective
Tank 50H is a mixing tank to feed slurry to the Saltstone facility, which requires a homogeneous slurry feed. The work scope described here included four basic cases, all of which dealt with a particular pump configuration using a combination of pump type and number of pumps (3, 2, or 1 operating pumps), the resulting flow pattern from that configuration, and the impact of the flow pattern on particle distribution in Tank 50. The common question for all the configurations was the state of solids distributions in the tank region supplying flow to the transfer pump.
The primary objective of the computational modeling work is to assess the impact of different pump combinations on sludge solids suspension and mixing in Tank 50H [1] . For this work, four different combinations of a maximum of three pumps are considered to determine the resulting flow patterns and turbulent eddies related to the turbulent kinetic energy dissipation and flow parameters which are thought to be associated with sludge particle suspension and mixing. Two different types of pumps are used for an assessment of the impact of different pump combinations on the tank mixing. They are quad volute pump (QVP) and standard slurry pumps (SSP). Their design and operating parameters are summarized and compared in Table 1 .
For the first two cases, Case-1 and Case-2, three pumps are used to mix the tank, either one QVP and two SSPs or three SSPs. Case-3 considered two operating pumps, while Case-4 simulated operation with a single standard slurry pump as the worst scenario. All the cases studied here are provided in Table 2 . As shown in the table, Case-2 is taken as the baseline modeling conditions, since the product d o U o for the QVP is about twice that of the SSP as shown in Table 1 . Thus, if Case-2 has sufficient flow to suspend and mix the solids, Case-1 will satisfy the flow mixing requirement. It will use three SSPs to mix the tank sludge. Locations for the three pumps of Case-2 are shown in Fig. 1 . Each pump rotates counterclockwise under a range of different operating modes (such as asynchronous rotation speed) and nozzle orientations. 
Solution Approach and Flow Criteria
A three-dimensional CFD approach is used to calculate flow patterns for the sludge mixing operations of Tank 50 and to evaluate sludge suspension capabilities for the tank. In previous work [3, 4] , the model predictions were in good agreement with test data and operational observations. The same finite volume CFD code, FLUENT [5] , was used here to perform the Tank 50 modeling and analysis. A prototypic geometry is modeled by a nonorthogonal and hexahedral mesh combined in a hybrid grid. The modeling domain to be used for the present analysis is presented in Fig. 1 . Nominal design and operating conditions of the pumps used in the Tank 50 model are presented in Table 2 . Based on the modeling domain and operating conditions, turbulent singlephase flow calculations were performed. Typical flow conditions for the slurry pump corresponds to fully-developed turbulent flow since Reynolds numbers are about 1x10 6 in terms of pump discharge conditions.
For the turbulence calculations, the standard k−ε model was used. The threedimensional model was run in transient mode for rotating pump conditions to allow the jet flow profile to develop and ultimately approach steady state flow. In this work, local fluid velocity at any distance from the nozzle is employed as a measure of the slurrying and mixing effectiveness in Tank 50H operations.
The focus of the present work is suspending and mixing sludge particles with the turbulent jet generated by a slurry pump. Prior to discussing the computational modeling assumptions, some literature results for a free turbulent jet flow are reviewed briefly, since the free jet flow is similar in many respects to the bounded wall jet. The previous work [3] and the literature data [6] show that when a turbulent jet of fluid is discharged from a nozzle with a diameter d o , it both entrains fluid and expands. Most mixing action and entrainment takes place in the region of fully-developed flow which begins at a distance of approximately eight nozzle diameters from the exit plane. The nondimensional velocity distribution v ϕ along the jet axis of this region for a homogeneous fluid jet is given by [3]
In Eq. (1), C o is a constant determined by the turbulence characteristics of the jet, U o , the average velocity at nozzle exit, ) (x v , the local velocity at a point x, and x , the distance from nozzle. For a free jet without any flow obstructions, the proportionality constant C o in Eq. (1) was determined to be 6.32 [6] . Since the pump discharge flow inside largescale tanks at SRS is affected by the bottom of the tank and internal flow recirculation, C o is replaced by a constant K evaluated from the previous Tank 18 calculations, rather than classical free jet theory. K was found to be 4.874 [4] . The maximum axial velocity at any axial position x can be estimated using Eq. (1).
The equation shows that the velocity at any point in the region of established flow is directly proportional to the product,
Thus, the axial entraining distance corresponding to minimum entrainment velocity can be estimated with nozzle diameter and flow rate. Based on the literature and the previous results, it is clearly indicated that if a standard slurry pump suspends sludge solids contained in the tank, a quad-volute pump will satisfy the mixing Slurry Pump Mixing Effectiveness in Tank 50H Page:
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operations since the product d o U o for the QVP is about twice that of the SSP as shown in Table 2 .
The fluid domain for Tank 50 has both a solid wall boundary and a free surface boundary as the jet expands into the downstream region and ultimately recirculates via the suction on the bottom of the pump as shown in Fig. 1 . The spreading fluid is retarded by the interaction with the wall, and the inner part of the flow may be expected to show a certain structural similarity to a boundary layer. Entrainment of quiescent fluid occurs near the outer edges of the flow, and accordingly resembles a free jet [2] . In this case, sludge particles settled near the edge of the boundary region are entrained into a turbulent zone, and they are suspended. Estimations of minimum suspension velocity and particle settling rate will be discussed for establishment of a flow velocity criterion in the subsequent sections.
Estimation of Minimum Suspension Velocity During Jet Mixing
The decay of the axial jet velocity and the evolution of flow patterns are important phenomena affecting sludge suspension and mixing operations. A measure of the ability to shear the sludge layer, the scouring wall shear, is directly related to the local fluid velocity. The initial movement of solids deposited on the bottom of the tank identifies the critical condition or initial scour. It is usually described by two criteria, the minimum flow velocity and the frictional shear to scour and initiate movement of deposited solids particles. From these two criteria, a local fluid velocity can be determined as a performance indicator for adequate suspension.
When liquid flow passes over a settled sludge layer containing small solids of 1 to 10 microns, the range of the sludge particles in Tank 50H, it results in hydrodynamic forces being exerted on individual particles in the layer. For a particular stationary sludge layer, a condition is eventually reached in which particles in the movable bed are not able to resist the hydrodynamic forces and solids in the top layer start to lift. Average flow velocity, particle size and density, and slurry flow regime are key parameters in determining the transport patterns of particles in a slurry [3, 4] . The critical velocity is defined as the minimum velocity that can initiate the movement of the solids deposited near the bottom of the tank. Following the previous works [3] , a literature correlation [7] for the critical velocity V c was used.
In Eq. (2), d and H are the particle diameter and tank liquid level, respectively. ρ s and ρ f are solid and fluid densities, respectively. When the flow velocity required for sludge transport and suspension is exceeded, the solid-laden flow can be treated as a suspended fluid-solid mixture. In this case, although solid particles are suspended by the continuous-phase flow, the local amount of solids suspended by the fluid may not be uniform over the entire domain of the tank fluid. However, the present work assumes that when the flow velocity required for sludge transport and suspension is exceeded and transient turbulent kinetic energy is dissipated throughout the tank in a quasi-steady condition, the solid-laden flow can be approximated as a homogeneous fluid.
The concept of "quasi-steady" being used in this report refers to a condition in which the long term evolution of the observed flow parameters seems to have ceased. It is a qualitative assessment that cannot be interpreted as either steady-state (time derivatives equal zero) or periodic, but rather an assessment that the flow has reached its long term Slurry Pump Mixing Effectiveness in Tank 50H
Page: 9 of 34 character, and that no conclusions based on the flow are likely to undergo further change. The use of this concept to estimate when the tank fluid can be approximated as homogenous is supported by homogeneous mixing times using experimental results available in the literature [8] . Thus, a flow velocity required for sludge suspension and a turbulent eddy viscosity associated with transient turbulent energy dissipation will be used as criteria for particle suspension and a local mixing to estimate the time required to produce a homogeneous slurry output from different pump combinations and operations in Tank 50H. Figure 5 shows minimum suspension velocities for particles of different mono-sized particle systems with a particle specific gravity (spg) of 2.5 and a fluid spg of 1.2 with a full tank level of 290 inches. Figure 6 shows the velocity required to suspend 10-micron solids below which the tank will experience sedimentation. From these results, the present work will use a local flow velocity of 0.07 m/sec as the minimum velocity criterion for solid suspension. Thus, local fluid velocity at any distance from the nozzle is employed as a measure of the slurrying and mixing criterion. 
Settling Velocity for Mono-sized Particles in Stagnant Fluid
The drag force on an isolated solid particle moving in an infinite expanse stagnant fluid is represented by the equation,
In Eq. (3) ρ f is density of fluid, Α p represents the projected cross-sectional area of the particle perpendicular to the direction of motion, and C D is the drag coefficient at the surface of particle when a solid particle is falling downward with velocity f v . The drag coefficient C D is dependent on particle shape and flow regime in terms of the Reynolds number (Re).
For the case of free settling of spherical particles of density ρ p at a constant velocity and without interaction or hindering effects due to the presence of other particles, the drag force F D equals the force of gravity F G , including the buoyancy force of the particle of solid volume V p submerged in a quiescent fluid.
After some algebraic manipulations, eqs. (3) and (4) become
When the particle has a spherical shape with diameter d p , the ratio (ϕ ) of the particle volume to its projected area in Eq. (5) 
In this situation, the flow is assumed to be slow viscous, or Stokes's flow. In 1850, Stokes derived the solution for viscous flow past a sphere at small values of the Reynolds number by using the momentum equation without inertia terms in a spherical polar coordinate system and by fitting no-slip boundary conditions at the spherical surface [9] . His result for drag force acting on the sphere was:
where U o is the undisturbed free stream velocity.
When the particle velocity relative to the bulk fluid is equal to the undisturbed free stream velocity in Eq. (7) and Re < 0.6, the drag coefficient C D in Eq. (5) corresponding to the Stokes formula, Eq. (7), can be expressed as
The Reynolds number, Re, the dimensionless parameter used in Eq. (8), is defined in terms of particle diameter d p and velocity v f relative to the fluid medium with density ρ f and viscosity µ f as, At larger values of the Reynolds number, the inertial terms exercise an increasing influence on the flow dynamics. From the literature [13] , the drag coefficients for the spherical particle submerged in the fluid are as follows: 
The study of settling phenomena has been performed by a considerable diversity of approaches. The literature information [11] has suggested that the motion of a typical single particle should be influenced by both the motion and the presence of the other particles. The main effect of the motion of the other particles is to cause a return flow of liquid, while the presence of the other particles produced an effect similar to an increase in the viscosity of the dispersing liquid. In the literature correlations [13] , the velocity for flow past a single sphere was used in order to obtain an equation relating the settling velocity of a suspension of mono-size spherical particles to the volume concentration of the solid phase. Table 3 shows a useful correlation for relative settling velocity V r in terms of solids volume concentration, c. Relative settling velocity V r is defined as
In Eq. (12), s v is the settling velocity in a multi-particle system, and f v is the settling velocity for a single particle in a fluid.
The downward motion of the particles must cause an upward flow of liquid, and the velocity of this flow averaged for the whole flow cross-section of the tank must be the liquid fraction (1 -c) times the solid settling velocity of particles, allowing only for return flow of liquid when c is defined as the solids volume fraction of the solid-fluid mixture. In addition, the presence of other particles also impedes the motion of a given particle in the same way as if there were an increase in the viscosity of the liquid, so that the effective relative viscosity would reduce the settling rate of the suspended particles. Thus, the updated literature correlations [11] for settling velocity within a solution containing low solids volume fraction were formulated considering these two factors.
In Eq. (13) 1 f and 2 f are empirical functions associated with a return flow effect due to the falling of the particles and a hindering effect of the particle precipitation due to the increased effective viscosity, respectively. These two functions were assumed to be dependent only on the solid volume fraction of suspension, c. Figure 7 shows single free-fall velocities and multi-particle settling velocities as function of solid particle diameters in water. The calculations were performed by using a Stokes's flow approach (Eq. (10)) and the literature correlation for the settling rate of mono-sized spherical particles.
A typical literature correlation for relative settling velocity is shown in Table 3 . It can be used to examine the interference or hindering effects of particle settling due to presence of the other particles for the range of solid particle concentrations. The results shown in the literature indicate that settling velocities of particles in a multi-particle system are different depending on the particle shape and solid concentration. The settling velocity of spherical particles was estimated for different solid contents in a slurry. The Oliver (1961) correlation was used to capture the hindering effect of particle settling in a multiparticle system. Specific information on the waste characteristics for the present work assumes that the insoluble solids have particle sizes from 5 to 10 microns with a concentration of 25 wt%, a slurry solids density of 2500 kg/m 3 , and a slurry viscosity of 2 x 10 -3 Pa-s for conservative estimate of the sludge settling rate. The volume concentration of particles in the continuous fluid phase is one of the key parameters associated with flow pattern and slurry characteristics. The weight fraction W for solids can be converted to volume fraction c for given densities of the fluid and solid phases. The results for settling velocity of the sludge particle are summarized in Table 4 . It is noted that a 10-micron sludge particle takes about 19 minutes to settle without hindering effects from the inlet of the transfer pump to the tank floor. Note:* Average time for solid particle to travel 3.625-in distance down to the tank floor under a slurry fluid containing a given amount of solid contents **Fluid medium containing single particle 
Mixing Criterion for Sludge Particles in Tank 50H
The criteria by which turbulent jet flows entrain and mix sludge particles from the sludge layer were established by using two key parameters obtained from the previous work [3, 4] and the literature [8] . One is minimum velocity magnitude required to pick up the particles. The other one is mixing time associated with turbulent energy dissipation rate and eddies. The mixing time will be evaluated from the literature correlation [8] . The correlation for mixing time was empirically obtained in terms of tank diameter and energy dissipation rate when the solids are fully suspended in the tank. The energy dissipation rate was determined by the jet path length and the velocity at that location. The mixing time is closely related to the momentum dissipation time.
The minimum hydraulic force derived by the first criterion, which is just sufficient to pick up solids from the settled sludge layer, is referred to as a critical scouring velocity in the literature. It will be a function both of the particle properties and of their arrangement in the sludge layer. As a second criterion, turbulent eddies related to the turbulent energy dissipation rate disrupt the viscous sublayer and impinge directly on the surface of the solids, which were already suspended by fluid motion. Thus, eddies created by energy dissipation tend to drive turbulent mixing over the flow domain of the tank. For the present analysis, it is suggested that when quasi-steady flow patterns established by jet pumps can suspend particles, then the time to reach a steady state eddy distribution is close to the time required to achieve spatial mixing in the tank. Figure 1 shows geometrical configurations and three-dimensional modeling domain as modeled in the CFD environment for the multi-pump simulations including the internal flow obstructions. For the simulations, a series of transient modeling calculations was performed with rotating pumps until a quasi-steady flow pattern near the inlet location of the transfer pump is established. For a rotating model, the direction of the pump discharge was changed in discrete 15 o increments counterclockwise. Each pump stayed fixed for 12.5 seconds at each direction, resulting in a simulated rotational speed of 0.2 rpm. Initial pump orientations for the rotating pump model are illustrated in Figs. 2 to 4 . The pump was started in a quiescent tank.
Tank 50 Model and Assumptions

Physical model assumptions and geometrical simplifications are listed as follows:
-There are no solid obstructions in the tank other than tank wall, major pump support structures, and one central support column as shown in Fig. 1 .
-The pump nozzles for transient operations are rotated counterclockwise and include asynchronous rotatation effects. In this case, the asynchronous rotation means different rotational speed.
-The working liquid is water at 40 o C. A temperature slightly different from this value will not have a significant effect on flow patterns.
-The liquid region is bounded by a free surface at constant atmospheric pressure.
-The model is isothermal. No energy equation is calculated.
-The flow in the entire model domain is assumed to be turbulent to give a reasonable representation of the liquid jet leaving the pump nozzle.
-The wavy motion of the free surface due to the interaction with the discharge jet is neglected. Literature data [10] show that the surface wave effect is negligible when the ratio of liquid height above the nozzle to nozzle diameter is larger than 2.5. For a slurry mixer in Tank 50, the ratio is about 193 for the 290-in liquid level case.
Three-dimensional numerical simulations are made for the Tank 50 modeling analysis. About 800,000 nodes are used to represent the three-dimensional computational domain. This number was established from sensitivity studies of computational meshes. Mesh density is significantly higher in the vicinity of the pump discharge to capture the flow behavior relative to the nozzle diameter. The characteristic mesh dimension is much greater in regions far from the nozzle and other solid structures to keep the total number of nodes manageable.
Results and Discussion
A Tank 50 model has been developed by a CFD approach to include several internal flow obstructions such as central support column and major pump housings in the flow domain and analyses performed to estimate circulation flow patterns within Tank 50 to evaluate the ability of the slurry pumps to suspend the sludge solids remaining in the tank. The mixing pumps are considered to be rotational for flow pattern estimation of the jet pump. Asynchronous operation mode and different initial pump orientations were also considered for examining the impact of mixing performance for normal pump configurations. In the analysis, a flow velocity criterion was used as the primary indicator of the ability to scour sludge solids and to suspend them, based on the solution method established in the previous section.
The primary model was simulated with the design and operating conditions as provided in Table 1 and Table 2 , to evaluate flow circulation patterns for the sludge mixing operations of Tank 50. The model was also used to perform sensitivity analyses for different numbers of pumps, and various pump operating conditions such as asynchronous rotation speed or initial pump orientation.
As discussed earlier, Case-2 was selected as the baseline modeling conditions, since the product d o U o for the QVP is about twice that of the SSP as shown in Table 1 . Thus, if Case-2 has sufficient flow to suspend and mix the solids, Case-1 will satisfy the flow mixing requirement. For an assessment of the impact of different pump combinations on the tank mixing, Case-3 considered one pump failure among the three pumps as shown in Fig. 3 . Case-4 simulated operation with a single standard slurry pump as the worst scenario. Detailed operating conditions of Tank 50 used for the present analysis are provided in Table 2 .
When three standard slurry pumps are synchronously operated in Risers E1, B2, and B3, transient velocity magnitudes at the inlet of transfer pump in Riser B5 are presented in Fig. 8 . The baseline results of Case-2a in Fig. 2 are based on the initially quiescent fluid field and 290-in tank level. The calculations show that it takes about 5 minutes to establish quasi-steady flow patterns. It is noted that although fluid flow near the inlet of the transfer pump varies from 0.07 m/sec to 0.5 m/sec with the transient pump orientations, the established flow keeps 10-micron particles suspended during synchronous pump rotations. As shown in Table 4 , the 10-micron particle settles in about 19 minutes under free settling conditions. Figure 9 shows the flow patterns of pump nozzle orientations, A, B, and C, as indicated on Fig. 8 . The established flow patterns generated about 2 to 5 % turbulence intensity at the inlet region of the transfer pump as shown in Fig. 10 . The corresponding turbulent energy dissipation rate, ε, and turbulent eddy viscosity, µ t , are shown in Figs 11 and 12 , respectively. These results
show that transient values due to different initial turbulence values disappear in about 6 minutes, leading to the establishment of quasi-steady values. It is indicated that steady turbulent mixing is established in about 6 minutes after the beginning of the pump operations as a result of the established flow field keeping the sludge particles suspended as shown in Fig. 8 . When a single-jet pump is operated in a 42.5-ft radius tank, about 10 minutes is required for homogeneous mixing over the entire domain of the tank, according to the literature correlation [8] . This mixing time is consistent with the modeling results.
When all of three standard slurry pumps are operated synchronously, Figure 13 shows velocity magnitude distributions for the vertical and horizontal planes crossing the inlet region of the transfer pump (Riser B5) at transient time of 240 seconds, which corresponds to transient point A in Fig. 8 . Transient snapshots for fluid motions at other points in Fig. 6 , B and C, are shown in Figs. 14 and 15. The red zone in the figures has local velocity higher than 0.07 m/sec, the minimum velocity required to pick up 10-micron sludge solids. Figure 16 shows spatial distributions for turbulent intensity and eddy viscosity at transient time of 300 seconds.
When the slurry pumps are operated asynchronously, Figure 17 shows quantitative comparisons of transient fluid velocity magnitudes at the inlet of the transfer pump between the cases with synchronous and asynchronous operations. Random initial pump orientations are also considered to examine their impact on flow patterns. All the results are quantitatively compared in Fig. 18 and show that all transient flow magnitudes in the figure are larger than the suspension velocity of 0.07 m/sec (2.8 inches/sec). The calculation results show that when three standard slurry pumps at Riser E1, B2, and B3, are operated, sludge solids in the tank are well suspended and they are spatially spread over the flow domain and homogeneously mixed by turbulent eddy motion.
As shown in Table 1 , operations of two standard slurry pumps were considered as Case-3. For this calculation, the pump located at Riser E1 was assumed to be inoperable as a conservative case. The calculation results for Case-2a and Case-3 are compared in Figs. 19 and 20. The results show that when two pumps are operated, local velocity magnitudes are smaller than minimum scouring velocity, 0.07 m/sec, for about a 70-sec period between two adjacent peak values as shown in Fig. 19 . The sludge solids will not settle during this period since the free settling time of 10-micron sludge solids is about 19 minutes, much longer than 70 seconds. Although the two-pump operation has the potential to keep sludge particles suspended, it is not recommended for Tank 50 mixing operation because the current analysis does not provide a quantitative evaluation of solids content in the fluid domain.
When two slurry pumps of Case-3 are operated, Figure 21 shows the velocity magnitude at the vertical and horizontal planes crossing the inlet region of the transfer pump TTP at Riser B5 at a transient time 300 seconds. In the figure, the red zone has local velocity magnitude higher than 0.07 m/sec, which is required to scour and transport 10-micron sludge solids. For a one pump configuration, Case-4, with the same operating conditions as Case-2, the modeling results show that there is insufficient flow to keep sludge solids suspended vertically and horizontally throughout the tank domain as shown in Fig. 22 . Figure 23 compares quasi-steady snapshots of flow velocity magnitudes between the one-pump case of Case-4 and the two-pump operation of Case-3 at the horizontal plane crossing the inlet region of the transfer pump. In the figures, the red zone has local value higher than 0.07 m/sec, which is minimum velocity required for 10-micron sludge pickup. Transient velocity magnitudes at the inlet region of the transfer pump are quantitatively compared under various pump combinations in Fig. 24 . The results show that when one standard slurry pump located at a distance from the transfer pump is operated in Tank 50, local velocity magnitudes near the inlet of transfer pump reach at most about 0.1 m/sec. Based on the modeling results, it is shown that the single-pump case does not provide acceptable mixing results.
The experimental results available in the literature indicate that local turbulent eddies related to kinetic energy dissipation control the mixing rate for the whole system domain. As discussed earlier, two criteria have been applied to the assessment of acceptable mixing operations under different combinations of pump operations. When flow patterns are acceptable for keeping the sludge suspended, turbulent eddies in far-field region of the jet pump are examined for the assessment of the mixing time to achieve spatially homogeneous mixing. Figure 25 shows a qualitative comparison of quasi-steady snapshots of turbulent eddy viscosity at the horizontal plane crossing the inlet region of the transfer pump. The red region in the figure has local eddies higher than 1 kg/m-sec, which is the minimum level of large-scale eddies needed to mix sludge solids in the flow domain when compared to the literature mixing time. Quantitative comparisons of quasisteady turbulent eddies are made in Fig. 26 . The results clearly show that single pump operation provides the smallest eddies in far-field region of the pump jet. All the results are summarized in Table 5 . It is concluded that two-pump operation of Case-3 provides marginal level of sludge suspension and turbulent mixing, while one-pump case of Case-4 does not provide acceptable flow patterns and turbulent eddies for good mixing. 2.00e+00
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Summary and Conclusions
A Tank 50 simulation model with three standard slurry pumps has been developed to estimate flow patterns for an efficient sludge mixing. Sensitivity calculations for different numbers of pumps and operational modes have been performed to provide operational guidance for sludge suspension and mixing in Tank 50. Reference pump design and operating conditions shown in Table 2 were used to perform the analysis of the tank sludge suspension. In the analysis, the pump was assumed to be rotating. Major solid obstructions including the pump housing, the pump columns, and the 82-in central support column were included.
Transient analyses with a two-equation turbulence model were performed with FLUENT TM , a commercial computational fluid dynamics (CFD) code. All analyses were based on three-dimensional results.
Recommended operational guidance was developed assuming that local fluid velocity and turbulent eddy distribution can be used as a measure of sludge suspension and spatial mixing.
The main conclusions drawn from the Tank 50 modeling and calculations are as follows:
• Sludge mixing is established in about 6 minutes after the beginning of pump operations. This result compares well with correlations in the literature.
• The results show that three-pump operation of Case-2 will give acceptable homogeneous mixing in about 6 minutes in terms of flow patterns and turbulent energy dissipation.
• Two-pump operation of Case-3 provides a marginal level of sludge suspension and turbulent mixing, while one-pump operation of Case-4 does not provide acceptable flow patterns and turbulent eddies for good mixing.
• Single-pump operation provides the smallest eddies in far-field region of the pump jet.
The results of these mixing analyses must be considered qualitative, since we do not have definitive benchmarking criteria required for a quantitative evaluation. For a detailed quantitative analysis, the benchmarking tests of the mixing criteria against the onsite [14, 15] and offsite test results [8] are recommended.
